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We have used the OMEGA laser (Laboratory for Laser Energetics, University of Rochester) to
measure the X-ray yields from laser-irradiated germanium-doped ultra-low-density aerogel plasmas
in the energy range from sub-keV to ~ 15 keV. We have studied the targets’ X-ray yields with
variation in target size, aerogel density, laser pulse length and laser intensity. For targets that result
in plasmas with electron densities in the range of &~ 10% of the critical density for 3w light, one can
expect 10-11 J/sr of X-rays with energies above 9 keV, and 600-800 J/sr for energies below 3.5 keV.
In addition to the X-ray spectral yields, we have measured the X-ray temporal waveforms and found
that the emitted X rays generally follow the delivered laser power, with late-time enhancements of
emitted X-ray power correlated with hydrodynamic compression of the hot plasma. Also, we find
the laser energy reflected from the target by plasma instabilities to be 2-7% of the incident energy
for individual beam intensities ~ 10*-10'® W/cm?. We also have characterized the propagation
of the laser heating in the target volume with two-dimensional imaging. We find the source-region

heating to be correlated with the temporal profile of the emitted X-ray power.

PACS numbers: Valid PACS appear here

I. INTRODUCTION

Bright, multi-keV X-ray sources are essential for radio-
graphy of high-energy-density physics experiments [1, 2],
including those supporting inertial-confinement fusion
(TCF) research, as well as applications such as materi-
als testing. In this context, there are two parameters of
importance: the energy of the emitted photons, which de-
termines how penetrating the X rays are for radiographic
purposes, and the brightness of the source, which deter-
mines the ability of a radiograph to detect small features.
ICF experiments, such as those that will be carried out at
the National Ignition Facility at Lawrence Livermore Na-
tional Laboratory (LLNL) [3, 4] and at the French Com-
missariat & I'Energie Atomique’s (CEA) Laser MegaJoule
[5], will require brighter, harder-photon spectra [6] than
were previously available.

For a given laser energy to drive multi-kilo-electron
volt (keV) X-ray-backlight sources, the only way for the
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source to get brighter is for it to convert the laser to X
rays more efficiently. However, as the photon energy of
the X-ray spectrum increases, the efficiency of the X-ray
emitter drops sharply for solid targets [7, 8]. Underdense
sources, where the electron density is less than 20% of the
laser’s critical density (n./n. < 0.2), have been shown
to be inherently more efficient at laser-energy-to-X-ray
conversion than traditional solid-foil backlighter targets
[9-12], e.g. 10’s of percent for gas targets [9, 10] ver-
sus less than 1% for solid targets in the same photon
range [7, 9]. This is because the underdense nature of
the target allows the laser to burn through the target
supersonically [13]. Thus the laser heats the target volu-
metrically, achieving high temperatures and ionizing the
X-ray emitting ions without expending a lot of energy on
hydrodynamic motion of bulk material [11].

In recent years, ultra-low-density targets for X-ray
generation by nanosecond-class lasers have been demon-
strated [9, 10]. These targets were noble gasses (Ar, Kr,
Xe) confined in low-mass enclosures. In the case of T-
shell Kr radiation (X-ray energies hv = 1.6 keV), conver-
sion of up to 35% of the laser energy has been demon-
strated [10], T-shell Xe radiation (hv ~ 4.5 keV) has a
measured conversion efficiency (CE) of &~ 10%. More re-
cently, laser targets that are solid at room temperature,
but which have densities that are equivalent to those of
the gaseous targets, have been demonstrated as efficient
X-ray sources [12], with ~ 2% CE for hrv ~ 4.7 keV.
These targets were ultra-low-density (p = 3 — 4 mg/cm?)



silicon-dioxide (SiO2) aerogels [14] that contain a trace
amount of a high-7Z dopant, Ti (7=24) in the case of
[12], that is the source of the desired X-ray emission
lines [15]. The same supersonic laser-heating propagation
that leads to efficient production of a volumetric, high-
temperature plasma in the gas targets was confirmed to
take place in the doped aerogel targets [16]. Recent work
has measured the laser-to-X-ray CE of nanostructured
titanium-dioxide materials [17], with results of 3.7% CE
in a spectral band centered on 4.7 keV. Researchers have
also recently had success efficiently making multi-keV X
rays from pre-exploded foils [18, 19], in which an early
laser pulse makes an expanded, underdense cloud of hot
material that is then heated to produce X rays by the
main (delayed) laser pulse. These targets have resulted
in a record CE for a solid target of 9% in the 4.7 keV
band [19].

Part of the present research has been to find materi-
als that are solid at room temperature, can be shaped
and handled easily, and are efficient producers of high-
energy X rays. Our work in Ref. [12] used titanium at
a concentration of 3 atomic percent (at%) as the aero-
gel dopant that produced the X rays. At that time, 3
at% seemed to be the maximum concentration achiev-
able. The experiments described here used low-density,
germanium-doped (Ge, Z=32) aerogel as the converter
material. This target is a significant advance in both the
chemistry of aerogel materials and in the fabrication of
laser-driven X-ray sources. We can routinely achieve up
to 20 at% Ge with aggregate target densities below 3.0
mg/cm?. The following sections present our experimen-
tal set-up, the targets that produced the X-ray sources,
and analysis of data collected from these targets. We find
that our low-density aerogel targets convert & 0.7% of the
laser’s energy into X rays between 9.0 and 15 keV. With a
large contribution of continuum emission below 10 keV,
the average spectral energy emitted from the source is
~ 7.1 keV, and 2 30% of the laser’s energy is converted
into X-rays with energy >1 keV. This work represents an
experimental optimization of the performance of doped-
aerogel X-ray sources and supersedes results previously

published in [20].

II. EXPERIMENTAL ARRANGEMENT
A. The OMEGA Laser

The OMEGA laser (Laboratory for Laser Energetics,
University of Rochester) is a 60 beam Nd:glass laser that
can deliver up to 30 kJ of 3w (A=0.351 pm) light to
the target chamber center [21, 22]. Only forty of the 60
OMEGA beams were used in the present experiments,
the cylindrical shape of the Be tubes that held the aerogel
blocked beams that came from directions near-to-normal
to the cylindrical axis. The distribution of beams around
the OMEGA chamber results in rings of beams, or beam
cones, at three distinct angles (21.42, 42.00 and 58.85°,
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FIG. 1: (top) OMEGA beam cones and cylindrical target and
(bottom) three of the laser power profiles used to drive the
aerogel targets (shown with arbitrary offsets for clarity).

cones 1, 2 and 3, respectively) for the orientation of our
cylindrical targets, which are shown in Fig. 1. Note, the
two steeper cones of beams are focused at the open faces
of the targets, the best-focus position of the cone 1 beams
is offset by 1100 pgm and diverges onto the face of the
target. The two open faces of the cylinders were each
irradiated with up to 10 kJ of ultraviolet (0.351 pm) laser
light.

The best focus available for each beam is a spot ap-
proximately 60 gm in diameter, but can be made larger
as required by changing the beam’s lens position. Sev-
eral techniques exist for smoothing the intensity distri-
bution across the laser spot, including inserting phase
plates in the focusing optics, adding spectral noise to
the seed pulse, and separating, then overlapping, the dif-
ferent polarization components in the beam (distributed
polarization rotators or DPRs). Tt is this latter method
that we used in the present experiments. The use of
the DPRs means that the individual beam footprints are
nearly 80 um diameter at best focus in the plane of the
beam. Note, the effect of the individual beam-cone an-
gles on the laser spot 1s to elongate it one direction by the
inverse of the cosine of the angle. This effect is taken into
account in computing the laser intensity on the target by
modeling the laser spot as an ellipse. Three laser irra-
diation conditions were used in the present experiments:
tight, moderate and wide focus configuration, which are
defined in Table I. The variations of target yield with



description cone spot dimensions typical intensity

(pm x pm) (W/cm?)

tight 1 77 % 83
2 155 x 208 6x10%¢

3 165 x 319

moderate 1 363 x 390
2 363 x 404 2-8x10°

3 363 x 580

or —

1 563 x 605

2 800 x 1077

3 500 x 967

wide 1 463 x 498
2 1100 x 1481 0.6-2x10'°

3 775 x 1498

TABLE I: The spot dimensions for the three focus conditions
used in the present experiments for the cone 1 (21.42°), cone
2 (42.02°) and cone 3 (58.85°) beams on the P5-P8 axis. The
quoted dimensions are the minor and major axes of the ellip-
tical beam spots at the face of the target.

respect to laser focusing and laser-power pulse width are
discussed in Section TII.

Laser-power pulse shapes can be tailored to deliver the
power in flattop pulses or pulses with rising or falling
ramps. Typically, pulse lengths range from one to three
nanoseconds. Individual beams can be delayed relative
to others by arbitrary amounts up to 6 ns. The X-ray
targets in the present work were irradiated with three
different power profiles: one that had all the beams inci-
dent simultaneously with a 1-ns square pulse shape (pulse
shape SG1018), one with small delays added to individual
beams to make a 1.0-1.2-ns-wide Gaussian pulse shape,
and one where the beams were fired in three groups with
delays added, from earliest to latest for cones 3, 2, and 1,
respectively, over a 3-ns interval. The three laser-power
waveforms as delivered to one face of the doped-aerogel
target, measured by facility diagnostics during these ex-
periments, are shown in Fig. 1.

B. The Target

The X-ray source in these experiments was a
germanium-doped SiO4 aerogel that contained 50% Ge
by weight (20 atomic percent). Details about the sol-
gel chemistry and aerogel formation process are given in
Ref. [14, 15]. The aerogels as fielded were made at four
densities, 3.3, 3.6, 4.8 and 6.5 mg/cm® These densi-
ties resulted in plasmas with electron densities 10 — 20%
of the laser’s critical density, n.,=1.1x1021 /A2, where X
is the laser’s wavelength in pym. The critical density is
~ 9% 102" em =3 for X = 0.351 um light. We compute the
electron density in the X-ray emitting plasmas that are

formed from the aerogel targets as

_NAp<z>
T < A>

(1)

where N4 is Avagadro’s number, p 1s the target density
in g/cm3, and the average ion charge < z > and aver-
age atomic mass < A > are given by < A >=fg; Ag; +
JoAo + fgeAge and < z >=fs;25; + fozo + faezGe,
where f7 is the molar fraction of element 7 in the aero-
gel (0.13, 0.67 and 0.20 for Si, O and Ge, respectively),
Az is the molar mass of element 7, and zz is the ion
charge on element 7 (assumed to be 13, 8, and 30 for
Si, O and Ge, respectively, based on the measured spec-
tral data described below and nonlocal thermodynamic
equilibrium calculations of the plasma ionization balance
[23]). The 15% critical-density value for these targets
(p=4.8 mg/cm?) was chosen as the initial target design
based on experience with X-ray output from gas targets
[10, 11] that showed a peak in the conversion efficiency
for Kr L-shell X rays at n./n.. ~0.15. These aerogel tar-
gets are seen to have higher X-ray yields at lower electron
densities (as is discussed in Section T1T). The higher level
of dopant possible in these targets compared to previous
Ti-doped aerogels [12] is due to the chemical similarity of
Ge and Si. Unlike the case of the Ti dopant, where the
Ti atoms are suspended and supported in the SiOs ma-
trix, the Ge atoms of the present targets are incorporated
directly into the aerogel polymer chains.

The Ge-doped aerogel material was cast in 75-pm thick
Be cylinders that ranged from 1.2 to 2.2 mm in length
and had inner diameters (IDs) from 0.9 to 2.5 mm (see
Fig. 1). The Be walls of the cylinders transmit greater
than 99% of the > 10 keV X rays that were the subject
of these investigations.

Inspection of the aerogel targets showed no shrinkage
of the aerogel material in the cylinders that would lead to
densification. The material was completely transparent
and without any visible defects suggesting that the Ge
dopant remained uniformly dispersed throughout the tar-
get volume. Final aerogel densities were determined by
gravimetric analysis of witness pieces made at the same
time as the laser targets. The final Ge concentration in
the aerogels after polymerization and solvent extraction
was determined by inductively coupled plasma optical
emission spectroscopy (ICP-OES) measurements of wit-
ness pieces, the accuracy of the technique i1s quoted as
+ 10% [24, 25]. Analysis of two different preparations
of aerogels both yielded a value of 20.8 atomic percent
of Ge. From transmission electron micrograph (TEM)
imaging, the microstructure of the aerogel materials con-
sists of a network of nanometer-sized particles. Based
on these images, the void sizes for a fractured surface
in the final aerogels are distributed in the hundreds-of-
nanometers range.



C. Spectral Diagnostics
1.  Time-integrated X-ray spectra

X-ray yields from the laser-heated aerogel targets were
measured with a number of independently calibrated
photometric detectors. One instrument, the HENWAY
four-channel crystal spectrometer [26] recorded time-
integrated X-ray spectral yields in both hard (4.5 < hv
< 15) and soft (1 < hrv < 3) bands from every Ge-doped
aerogel target. The HENWAY spectrometer had a view
of one face of the target at an angle of 61° with respect to
the target axis. Two channels gave coverage in the stated
energy bands: the higher-energy channel used a pen-
taerythritol (PET) crystal, while the lower-energy chan-
nel was measured with a potassium-hydrogen-phthalate
(KAP) crystal. The spectra from the KAP-crystal chan-
nel provide ambiguous data with multiple orders of lines
appearing in each spectrum. The PET-crystal measured
the spectrum between 4.5-15 keV. This channel was fil-
tered differently across the face of the crystal: 25 or
75 pum Be, plus either 6 or 12-pym Al, and strips of 25-
pum V, 25.4-pm Cu or 45.7 um Ge foils; on some shots,
12.7 um of Fe was added across the whole face of the crys-
tal. Absorption edges from the filter foils serve as energy
fiducials allowing calibration of the positions of measured
lines. The spectra were recorded on Kodak DEF film.
The known response of the film, crystal reflectivity and
filter transmission combine to give the spectral yields de-
termined with the PET-crystal channel an accuracy of

+ 25-30%.

2. Time-resolved X-ray yields

Three time-resolved diagnostics measured the X-ray
power from the laser-driven aerogel targets. Ome of
which was a nine-channel array of photoconductive de-
vices (PCDs) [27] provided by Sandia National Labora-
tories (SNL). Several of the PCDs have been used for
years in radiation-effects experiments on the SNL Z fa-
cility, and their responses are well known. The PCDs
were filtered with 8 to 254 um of Kapton in order to
discriminate contributions to the output from different
regions of the radiated spectrum. Three of the PCDs
were filtered with 254 pm of Kapton and an additional
15.6 pm of aluminum. These channels measured X rays
above 4 keV, which is complementary with the spectral
range measured by the high-energy channel of the HEN-
WAY spectrometer. The PCD array had the same 61°
view of the target that the HENWAY spectrometer did.
This means that for channels in the array that were sup-
posed to be sensitive to softer X rays, the 75 pm-thick
Be wall of the cylinder that holds the aerogel strongly
effected the signal, and the array’s field of view included
both the unattenuated emission from the irradiated face
of the cylinder and modified emission through the cylin-
der wall. The PCD signals were recorded with Tektronix

TDS6804 oscilloscopes (50-ps sampling), and redundant
traces were read on TDS694C oscilloscopes. The signals
were sent to the scopes down 60 ft of 3/8” heliax cable;
bandwidth loss in the cables, which was significant, was
quantified before the shots. All diagnostic information
from the PCDs is frequency compensated according to
the known bandwidth losses, and corrected for the PCD
dc-bias response at large voltage responses. The PCD-
measured yields are considered accurate to 20-25%.

Two diagnostics provided complimentary measure-
ments of yield in the X-ray range below 4 keV, they
are the CEA’s DMX [28] and LLNL’s DANTE [29] ar-
rays. The DMX [28] is a broadband, time-resolved X-ray
diode array that measures X-ray power over the whole
emitted spectrum from < 0.1 keV to 20 keV, with five
channels covering the heliumlike and hydrogenlike ger-
manium lines in the spectral region of 9-15 keV. The
spectral range of each channel was adjusted by choosing
appropriate filter materials. Hard X-ray yield values are
assessed from the DMX data for two spectral ranges: be-
tween 4 and 6 keV, and for energies above 4 keV up to 20
keV. Comparisons with the HENWAY spectral fluence in
the 9-15 keV energy region agree to better than 10% with
DMX measurements. The overall relative uncertainty for
DMX-measured X-ray yields is £20% considering the fil-
ter transmission and detector sensitivity calibrations and
the unfold treatment necessary to take into account the
broadband response of the DMX channels.

DANTE [29] is a 13 channel X-ray diode (XRD) array,
which also had different filtration on each channel used.
The first 11 DANTE channels are designed to provide
finely resolved coverage from 100 eV to 3 keV, the time
resolved signals are integrated to give the total X-ray
energy through the filters. The differential signals (after
correcting for filter transmission and diode response) are
then used to reconstruct the source spectrum. Details on
the data-fitting method for spectral reconstruction are
given in [30]. The DANTE signals from < 300 eV to
approximately 3.5 keV provide the low-energy spectral
data that overlap with the DMX measurements and that
augment the HENWAY PET channel spectral data.

The DANTE and the DMX have symmetric views of
the target that are at 37.4° to the target axis. Thus,
the DANTE and DMX see much more of the irradiated
face of the target than do HENWAY or the SNI. PCDs,
and give a more reliable measurements of the soft X-ray
part of the target’s output than do HENWAY or the SNL
PCDs. The data obtained with the DMX and DANTE
instruments are in good agreement over their common
spectral range, which is < 3 keV. These are the data
that are reduced to produce the soft X-ray yield results
in § TITA 3 (Table TIT).
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FIG. 2: Two spectra from Ge-doped (20 at%) aerogel tar-
gets measured with the HENWAY spectrometer. Shown are
both reduced spectral data (solid lines) and continuum fits
(dashes). The target for shot 39154 had density 4.8 mg/cm®,
and for shot 39153, 6.5 mg/cm®. The laser intensity on target
ranged from 6.2-6.6x10'® W /cm?.

III. RESULTS

A. X-Ray Spectral Results

1.  Time-integrated X-ray spectra

The measured X-ray spectra from two laser-heated
doped-aerogel targets are shown in Fig. 2. Both the raw
data from the HENWAY PET-crystal channel, and a fit
to the continuum regions are shown. The spectra are
dominated by the He, (152 — 152p) line of Ge30F at 10.3
keV, with Heg (1s? — 1s3p) and He, (1s? — 1s4p) fea-
tures are also visible above 12 keV. The H-like Ly, line
(1s — 2p) is also visible in Fig. 2 at ~ 10.6 keV. The
continuum emission on the soft side of each measured
spectrum accounts for > 60% of the total emission in the

4.0-15 keV spectral band.

The continuum emission measured in each HENWAY
spectrum can be fit to an exponential form to get a
time-averaged approximate plasma-electron temperature
[30]. Results for the targets in the present work averaged
2.6 keV for shots with tight laser focusing (I, &~ 6x 1016
W /cm?), 2.4 keV for shots with moderate laser focusing
(I, ~ 2x10" W/cm?), and 2.1 keV for shots with broad
laser focusing (I, ~ 6x10'* W/cm?). The relative in-
tensities of the Ge3't Ly, to Ge3°t He, line features in
Fig. 2, both of which were shot with the tight laser fo-
cusing, also suggest temperatures in the target plasmas

of 2.5-3.5 keV.

2. Diagnostic consistency and target-yield variation

Three time-resolved diagnostics measured the X-ray
power from the laser-driven aerogel targets. All three
time-resolved diagnostics were never fielded together on
any one shot. When comparisons are made between the
HENWAY spectral yields over a limited energy range
around the Ge3°t He,, feature and the time-integrated
signals from these other diagnostics, agreement in the
X-ray yields is typically 10-20%. Two examples of the
agreement between the HENWAY and PCD measured
yields for two sets of Ge-doped aerogel-target shots are
shown in Fig. 3. For the data in the top panel of
Fig. 3, which compares yields for moderate-density (p =
4.8 mg/cm?) and high-density (p = 6.5 mg/cm?) targets,
all shot with a tight laser focus (I, &~ 6x10'® W/cm?),
the agreement between the SNL PCDs and the HEN-
WAY data is quite close, and well within the error bars
for both diagnostics. The HENWAY signals have had the
fitted continuum extrapolated to 4 keV in order to have
a truly accurate comparison. The consistency between
identical targets on nominally identical shots is good for
the two higher-density targets, and good, but with more
variation for the four lower-density targets, which also
demonstrate on average a greater X-ray yield.

The lower panel in Fig. 3 shows the X-ray yields in
the 4-15 keV band from a set of low-density (p=3.2—-
4.1 mg/cm?) targets, shot with a moderate laser focus
(I, ~ 2.5x10'® W/em?), that differed in initial tar-
get volume (6.9 mm? versus 10.8 mm3). For the seven
smaller targets, the two diagnostics agree within the in-
strumental error bars, with the HENWAY yields being
systematically higher than the SNL. PCD measurements.
Overall, the reproducibility in the yields of these seven
targets is quite good. For & 19 kJ of laser drive, one can
expect 21.8+5.5 J/sr of X-rays in the 4-15 keV band to
be emitted, where the uncertainty is the standard devi-
ation of the yields for the set of targets displayed in the
lower panel of Fig. 3. The yields for the three larger tar-
gets measured with the two diagnostics also agree within
the experimental uncertainties, and are not statistically
different from the measured yields for the smaller targets,
giving 24.243.0 J/sr in the 4-15 keV band. One of the
purposes in this shot day was to compare the yields of
the targets with volumes of 6.9 mm? and 10.8 mm?, with
the hypothesis being that the larger targets would emit a
proportionately greater yield. This was not seen to be the
case. However, the aerogel densities in the smaller tar-
gets were higher than those in the larger targets, which
may have had a compensating effect.

A comparison of the HENWAY and DMX-measured
Ge K-shell yields (9-15 keV band) is shown in the upper
panel of Fig. 4. The reduction of the DMX data puts the
measured flux into a single effective line and a continuum
for this spectral band. Again, the consistency between
the two diagnostics is excellent, except for the last data
point, shot number 42755, which had a smaller volume
(2.1 mm?) than all the other targets (volume 6.9 mm?)
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FIG. 3: (top) X-ray yields for the 4-15 keV band from HEN-
WAY spectra, and from the high-energy signals from the SNL
PCDs, which reflect yields generally above 4 keV, from a se-
ries of shots looking at targets with different aerogel densi-
ties. (bottom) X-ray yields for the 4-15 keV band from HEN-
WAY spectra, and from the high-energy signals from the SNL
PCDs, from a series of shots comparing targets of different
volumes.

and a correspondingly lower yield. The data points in
the upper panel of Fig. 4 contrast the yields from low to
moderate-density (p = 3.5 or 4.6 mg/cm?) targets shot
with 1 or 3 ns laser irradiations (see Fig. 1). TIn gen-
eral, the 3 ns shots produced lower X-ray yields than did
the 1 ns shots. The temporal waveforms of the X-ray
power is discussed in § IIIB. The lower panel of Fig. 4
compares the X-ray yields in the 4-15 keV range as mea-
sured by HENWAY and the SNL PCDs for a series of
shots that kept the aerogel density (p=3.7 mg/cm?) and
volume (6.9 mm?) constant. The targets were irradiated
with either 1 ns laser pulses (I, ~ 2.0x10'5 W/cm?) or
3 ns laser pulses (I ~ 2.6x10' W/cm?). Again, the
3 ns shots produced lower X-ray fluences than did the
1 ns shots. Also noteworthy is the observation that both
diagnostics recorded an increasing trend in the yields as
the day went on, and, unlike the data in Fig. 3, the agree-
ment between the HENWAY and SNI. PCD diagnostics
is less robust.

In the softer X-ray band below photon energies of
3.5 keV, the agreement between the DANTE and DMX
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FIG. 4: (top) X-ray yield numbers for the Ge K-shell (9-
15 keV) band from HENWAY and from high-energy signals
from the DMX, and (bottom) X-ray yield numbers for the
4-15 keV band from HENWAY and the high-energy signals
from the SNI. PCDs. The principal variation in both sets of
shots is the laser pulse length, 1 ns versus 3 ns.

diagnostics is excellent, as can be seen in Fig. 5. The
data in Fig. 5 are from the same set of shots shown in
the upper panel of Fig. 4. Each target type and/or shot
configuration in this data set is unique, so shot-to-shot
variation in the displayed data indicates nothing about
target-yield reproducibility. The DANTE spectrum for
each shot below 3.5 keV can be smoothly joined to the
extrapolated fit to the measured HENWAY continuum
from the higher-energy channel, an example of such a
treatment is shown in Fig. 6. The DMX is a broad-
band instrument, so the lines shown in the figure cannot
be obtained directly from DMX signals, but correspond
to a fit of energies measured in multiple bands that is
translated into a theoretical spectrum. One can see the
qualitative agreement in the DMX reconstruction of both
the lower-energy and higher-energy line emission with the
DANTE reconstruction of the lower-energy line emission
and the HENWAY-measured higher-energy line emission.
The area of greatest uncertainty, and the spectral region
with the least optimization of coverage in the DMX con-
figuration, is how flux is distributed in the 4-9 keV con-
tinuum region. Further details on the diagnostics and re-
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FIG. 6: Comparison of the combined DANTE and HEN-
WAY spectral data and the DM X-measured spectrum for shot
42750. This was a typical target in these experiments, with p
~ 3.5 mg/cm®, 2.0x2.2 mm (IDxL) cylinder, I;, & 2.0x10"°
W /cm?, and is the highest-yielding shot in the 9-15 keV band
that was obtained.

duction/analysis of hard- and soft-spectral data are given
in [30]. Tn general, one can expect on the order of 45%
laser-to-X-ray conversion in the 0.03-3.5 keV band from
the typical targets (p ~ 3.7 mg/cm? volume = 6.9 or
10.1 mm?) shot in these experiments. This large value is
consistent with results for L-band emission from Kr gas
targets of comparable volume [10]. Averaging over the
measured 0.03-3.5 keV X-ray yields from the highest-
yielding type of target (1 ns pulse, volume 10.1 mm?),
one can expect 693.84175 J/sr in the soft X-ray band,
where the uncertainty represents both DANTE and DMX
instrumental uncertainty and statistical variation in tar-
get yields.

3. Target-type summary: variation with density, size, and
intensity

In what follows, we summarize the measured X-ray
output from a number of different target and laser con-
figurations. Our results in the 9-15 keV spectral band
are presented in Figure 7, with the displayed data values
and uncertainties listed in Table II. The error bars in the
figure are the uncertainties listed in the tables. The data
in Fig. 7 (Table TT) are averaged for all shots from a class
of targets from X-ray spectral measurements made with
the HENWAY crystal spectrometer and the DMX. These
data are for X-ray emission from K-shell (He- and H-like)
Ge ions. The displayed (reported) data are in units of
J/sr, although the emission at these energies is isotropic
into all solid angles. The uncertainty associated with
each point is the square root of the quadrature sum of
the standard deviation in the whole set of measurements
for each target type and the uncertainty in the response
of each instrument (25% for the HENWAY, 20% for the
DMX). Also listed in Table 1T are the yields from these
targets in J/sr in the spectral range between 4-15 keV.
These yields have been estimated by fitting an exponen-
tial slope to smoothed data on the HENWAY film that
remained after a background subtraction [30], and aver-
aged with the yields from the SNI. PCDs (known to 20—
25%) when available. We find a yield of 10.1+3.5 J/sr
for X-rays with energies above 9 keV, averaging over type
1, 2 and 3 targets, or, equivalently, 127444 J/sphere as-
suming isotropic emission.

Our results in the 0.03-3.5 keV spectral band are pre-
sented in Figure 8, with the displayed data values and
uncertainties listed in Table TIT. The data in Fig. 8 (Ta-
ble TIT) are averaged from the de-convolved X-ray signals
from the DANTE and DMX diagnostics. These data for
the spectral range below 3.5 keV are given as yield per
steradian. The DANTE and DMX diagnostics had equiv-
alent views of the X-ray source that (largely) avoided
complications of X-ray attenuation through the targets’
walls. Emission in this soft X-ray range includes X rays
from IL-shell Ge ions and emission from K-shell Si ions
that are present in the SiO4 aerogel. The error bars for
the data in Fig. 8 (Table TIT) are also the quadrature
sum of the standard deviation in the whole set of mea-
surements for each target type and the uncertainty in
the response of each instrument, both +20%. We find a
yield of 6784157 J /st from our targets for energies below
3.5 keV for 1 ns laser pulses, averaging over the type 2
and 3 targets only.

Overall, the statistical variation in the yield from a
given target type does not follow a clear trend. In gen-
eral, except for the case of the second and fifth points in
both Figs. 7 and 8, the statistical variation in the mea-
sured hard and soft X-ray yields for a given type of tar-
get are less than +25% around the average value for that
class of target, and generally less than £10% for the soft
X-ray band. In the case of the second point in Figs. 7 and
8 (blue square), which is for targets with aerogel densities



1

1

Yield (J/sr)

5.0

00"

00~

o
o

9-15 keV Yield Summary Data

-

3 4

+

4

5 6 7
Target type

]
8 9 10 11 12

FIG. 7: Yield data summary (in J/sr) for Ge-doped aerogels in the 9-15 keV band. The symbols in the figure represent the
target types described in Table 11, with the symbols from left to right corresponding to the entries going down the table.

Type p ne/ner target size pulse length focus I Yield [9-15 keV] CE Yield [4-15 keV]
(mg/cm?) (mmxmm) (ns) (W/cm?) (J/sr) (%) (J/sr)
1 3.7 0.11 1.5%2.2 1.0 moderate 2.5%x10'° 10.9 £ 2.2 0.71 40.1 + 8.8
2 3.7 0.11 2.0%x2.2 1.0 mod. or wide 2.0-2.5x10'% 9.9 £+ 3.9 0.66  26.5 &+ 10.8
3 3.7 0.11  2.5x2.2 1.0 moderate 2.6x10'"° 103 4+27 067 254+ 7.5
4 3.5 0.11 1.5x1.2 1.0 moderate 7.9%10'° 3.5+ 1.8 0.22  16.1 &+ 14.6
5 4.8 0.15 1.5x1.2 1.2 tight 5.6-6.5x10'° 6.3 + 2.8 0.43 154 £ 7.1
6 6.5 0.20 1.5x1.2 1.2 tight 5.5-6.2x10'° 3.1 £ 0.7 0.21 12.3 £ 2.5
7 3.3 0.10 0.9x2.0 3.0 moderate 4.5%10'° 3.3+ 0.7 0.24 12.3 £ 2.5
8 3.7 0.11 2.0%x2.2 3.0 moderate 2.6%10'° 554+ 1.9 0.37 241 4+ 17.0
9 3.5 0.11 2.0%x2.2 1.0 moderate 8.4%10'° 7.4+ 1.5 0.47  34.8 &+ 20.8
10 4.6 0.14 2.0%x2.2 1.0 moderate 8.3%x10'° 9.1+ 1.8 0.60  40.8 & 24.3
11 3.5 0.11 2.0%x2.2 3.0 wide 6.9%x 10" 48 £ 1.0 0.31  31.8 &£ 21.7

TABLE II: A summary of the high-energy X-ray yields from the targets shot in this series of experiments. Columns are the
target type, aerogel density (p), the ratio of plasma-electron to laser-critical density (n./n.r), the target dimensions (ID x
length), laser pulse length, the laser focus (see Table I), laser intensity, the X-ray yield between 9-15 keV with uncertainty, the
CE (assuming isotropic emission) in the 9-15 keV band, and the X-ray yield between 4-15 keV with uncertainty.

Type P ne/ner target size pulse length focus I Yield [0.03-3.5 keV] CE
(mg/cm?) (mmxmm) (ns) (W/cm?) (J/sr) (%)
1 3.7 0.11 1.5%2.2 1.0 moderate 2.5%10™° 523.3 + 78.6 34.3
2 3.7 0.11  2.0%x2.2 1.0 mod. or wide 2.0-2.5x10'°  673.4 + 150.7  44.9
3 3.7 0.11  2.5%2.2 1.0 moderate 2.6x10°  693.8 + 175.0  45.5
4 3.5 0.11 1.5%1.2 1.0 moderate 7.9%10° 257.8 + 43.6 16.5
5 4.8 0.15  1.5%x1.2 1.2 tight 5.6-6.5x10%  261.5 + 141.7  18.1
6 6.5 0.20  1.5x1.2 1.2 tight 5.5-6.2x10'¢ 137.5 + 26.0 9.6
7 3.3 0.10  0.9%2.0 3.0 moderate 4.5%10'° no data -
] 3.7 0.11  2.0%x2.2 3.0 moderate 2.6x10%  583.1 +123.5  39.2
9 3.5 0.11  2.0%x2.2 1.0 moderate 8.4%10'®  755.4 + 115.3  48.0
10 4.6 0.14  2.0%x2.2 1.0 moderate 8.3x10Y®  689.5 + 103.4  44.3
11 3.5 0.11  2.0x2.2 3.0 wide 6.9%x10"  854.9 + 175.6  55.5

TABLE III: A summary of the high-energy X-ray yields from the targets shot in this series of experiments. Columns are the
target type, the aerogel density (p), the ratio of plasma-electron to laser-critical density (n./n.r), the target dimensions (ID x
length), laser pulse length, the laser focus (see Table I), laser intensity, laser intensity, the X-ray yield per steradian between
0.03-3.5 keV with uncertainty, and the CE (assuming isotropic emission).



~ 3.7 mg/cm?, cylinder sizes of 2.0 x 2.2 mm inner diam-
eter by length (i.e., volume of 6.9 mm3), laser intensities
~ 2x 1015 W/ecm? with a 1 ns square laser pulse, the max-
imum and minimum yields measured with the HENWAY
spectrometer in the 9-15 keV band differ by ~ £55%
around the average over that set of targets. However,
the soft X-ray yields in the spectral range below 3.5 keV
differ by only & 13% around the average. In the case of
the fifth point (inverted red triangle), which is for tar-
gets with aerogel densities ~ 4.8 mg/cm?, cylinder sizes
of 1.5 x 1.2 mm inner diameter by length, laser intensi-
ties &~ 6x 1015 W/cm? with a 1.0-1.2 ns laser pulse, there
is a single outlying point out of a total of four that intro-
duces a large statistical variation in the data set. By con-
trast, for the first point in Figs. 7 and 8 (magenta circle),
which is for targets with aerogel densities &~ 3.7 mg/cm?,
cylinder sizes of 1.5 x 2.2 mm ID by length (i.e., volume
3.9 mm3), laser intensities ~ 2.5x10' W/em? with a
1 ns square laser pulse, the HENWAY-derived yields in
the 9-15 keV band vary by only & +3% around the aver-
age value, and the soft X-ray yields (Fig. 8) vary by less
than 1% around the average for this target type. In this
case, the uncertainty values in Tables IT and TTI are dom-
inated by the uncertainty in the instrumental response
functions.

We have taken some of the data points from Fig. 7
and plotted them versus key target-design parameters
such as plasma-electron density, target volume and laser
intensity in Figure 9. These data points represent target
yield in the 9-15 keV X-ray energy band averaged over
all targets of a given type. The upper panel in Fig. 9
captures the behavior of the targets as a function of elec-
tron density (given as a fraction of the laser’s critical
density). The two points for type 2 and 3 targets nearly
overlay each other, both with densities near 0.1n... The
data appear to show a trend of target yield (equivalently,
conversion efficiency) decreasing as the target density in-
creases from 0.1n... However, it must be pointed out
that the two higher-density target types (types 5 and 6)
had smaller volumes and were shot at higher laser in-
tensities than the three lower-density target types in the
upper panel of Fig. 9. Tt appears from these shots that
the optimal target density is one for which the plasma
electron density is near 0.1-0.12n.,.

The middle panel of Fig. 9 compares the yields from
targets that differ principally in initial cylinder volume.
One can see that for the type 1, 2 and 3 targets, which
have identical aerogel densities, hence similar plasma
electron densities for similar laser intensities, that the
resulting 9-15 keV X-ray yields are nearly independent
of target volume. Also in the middle panel of Fig. 9
are three points representing targets with smaller vol-
ume than the type 1, 2 and 3 targets. While these types
of targets were shot at moderate (types 4 and 7) to much
(type 5) higher laser intensities than the type 1, 2 and
3 targets, laser intensity seems to have a modest effect
on the yield (see below), and we conclude that for maxi-
mizing X-ray output for hv > 9 keV, a minimum target

volume of ~ 4 mm? is required and that the 9-15 keV
yield is essentially independent of target volume above

this threshold.

The bottom panel of Fig. 9 displays yields for a num-
ber of target types as a function of laser intensity. The
type 11, 2 and 9 targets all have similar aerogel densi-
ties and target volumes. As a result, it appears that the
yield for the type 2 target is a maximum, and that the
optimal laser energy for producing 9-15 keV X-rays from
Ge-doped aerogels is in the range 2.0-2.5x10'® W /ecm?.
The type 10 target also has a similar volume, but has a
higher aerogel density. The yield from the type 10 target
is higher than the type 9 target, meaning that the higher
intensity may be better matched to the higher aerogel
density, but the optimal yield still occurs for the intensi-
ties used to drive the type 2 targets. The type 8 target
shown in the figure had similar volume and aerogel den-
sity as the optimal type 2 target. However, the type 8
target was shot with a 3 ns laser pulse (Fig. 1), with
the beam focusing adjusted to give the same intensity on
target as for the 1 ns pulses used for the type 2 targets.
The lower laser power in the 3 ns pulses (target types 8
and 11) seems to lead to lower yields, regardless of the
actual laser intensity on target. The type 4 and 5 targets
in the bottom panel of Fig. 9 had smaller volumes than
the other target types in the figure. In this case, higher
temperatures that result from the higher laser intensities
and smaller volumes may actually have enhanced the 9—
15 keV X-ray yields from these targets, but it is impos-
sible to quantify this effect.

The yields for the type 1, 2 and 3 targets stand above
the others in Fig. 7, despite the large error bars on the
second point. These points represent the 9-15 keV X-
ray yield from targets all of which have densities in the
range p = 3.6-3.7 mg/cm?, 1 ns laser pulses, laser inten-
sities in the range 2.0-2.6x10'® W/cm?2. All the targets
were shot with 18.740.7 kJ of laser energy, and the mea-
sured yields indicate a CE of 0.7£0.24% into X rays in
the 9-15 keV band for all three target types. (Aside: the
presence of the H-like Ge?'* line at ~ 10.6 keV is only
clearly seen in the spectra (see TITA 1) from the smaller
targets, which indicates that the smaller volume of these
targets leads to higher temperatures, which, for the lim-
ited energy available at OMEGA may be beneficial to
enhancing hy > 9 keV X-ray yields.)

Previous work by Workman and Kyrala [8, 31] has
measured the CE of laser energy into X rays for solid Ge
targets at the OMEGA laser. The results in Ref. [31]
show a peak in the Ge CE at a laser intensity of 4x10'6
W/ecm?, which is more than an order of magnitude
above the optimal intensity found in the present work.
However, the laser-absorption mechanisms and plasma-
emission processes are probably quite different between
the thin-foil targets in Refs. [8, 31] and the doped aero-
gels of the present work. They reported CE of 0.21% for
the He,, (15> —1s2p ! P) emission line of Ge3%t at a pho-
ton energy of 10.3 + 0.275 keV. We find an average CE

of 0.57+0.19% for this same transition over the same en-
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Note, there is no entry for the seventh target type.

ergy band in the output of the first three target types in
Table I1. Similarly, the X-ray conversion efficiency mea-
surements for pre-exploded Ge-foils recently published
[19] report a 1% CE in the Ge K-shell range for shots
without pre-pulse and 3% CE for pre-exploded foils. Our
results in this same spectral band average 0.740.24% CE.

Many of the trends observed above for the points in
Fig. 9 apply for the output from our Ge-doped aerogel
targets in the softer (0.03-3.5 keV) energy range (Fig-
ure 10). However, the trend in the measured yields
is more strongly increasing with target volume (middle
panel) in this softer energy band. This may be due to a
correlation between larger target volumes and lower plas-
mas temperatures. Also, one thing that does stand out
is that the soft X-ray emission from the eleventh target
type, which was shot with Iy, & 6x10'* W/cm?, is very
strongly enhanced (lower panel). Given that the lower
intensity corresponds to a lower plasma-electron temper-
ature, and that emission in this band includes Ge L-shell
emission, Si and O K-shell emission (see Fig. 6), the en-
hancement is not surprising if, in fact, higher plasma
temperatures are burning out the lower-charged ions that
dominate emission in this band.

B. X-Ray Waveforms

The X-ray diodes in the DMX and DANTE diagnos-
tics, as well as the SNL. PCDs and additional PCDs
fielded by LLNL measure the temporal waveform of the
X-rays emitted from our doped-aerogel targets. The
detectors can be filtered to give the X-ray waveforms
in different spectral bands; the hv > 4 keV waveforms
presented here were measured with PCDs filtered with
254 pum of Kapton and 15.6 gm of Al. Figure 11 shows

the X-ray waveforms for emission above 4 keV from three
of our target types. As a general rule, the X-ray out-
put in this higher-energy regime closely follows the laser
power, with the leading edge of the X-ray pulse lagging
the leading edge of the laser power. This lag is due to
the finite time required to heat and 1onize the target to a
regime where Ge K-shell emission i1s produced. The top
panel in Fig. 11 shows characteristic X-ray waveforms for
hv > 4 keV for a one ns square laser pulse (39156) and for
a 1.2 ns quasi-Guassian laser pulse (39157), both type-
5 targets. For most targets driven with 1 ns square or
quasi-Gaussian laser pulses, the X-ray power rises from
10 to 90% of its maximum in < 700 ps and has a Guas-
sian shape with an &~ 1 ns full width at half maximum
(FWHM). The fast characteristics of the X-ray wave-
form mean that high-bandwidth recording devices and
compensation for bandwidth losses in the measured sig-
nals from long signal-cable runs are required [30]. How-
ever, even though the majority of X-ray pulses in the
hv > 4 keV energy range follow the laser power quite
closely (9 out of 14 one-ns shots behave similarly to the
top panel in Fig. 11) there is also variation in the shape
of the X-ray waveforms. The lower panel in Fig. 11 shows
one such result, where for shot number 44158 (a type-2
target) there is a late time spike in the X-ray power nearly
a full nanosecond after the end of the laser pulse (5 out
of 14 comparable shots demonstrate late-time phenom-
ena). This behavior is confirmed on all complimentary
diagnostics each time that it occurred. The late-time en-
hancement of the X-ray power in shot 44158 is due to
hydrodynamic motion of the Be cylinder wall toward the
cylinder axis, which results in a high-density emitting re-
gion in the shape of a jet (see § TITC). This phenomenon,
and the resulting spike in the X-ray emission from the tar-
get 18 seen in two-dimensional radiation-hydrodynamic
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FIG. 9: (top) X-ray yield numbers for the Ge K-shell (9-
15 keV) band for five target types (Table IT) as a function
of plasma electron density. (middle) X-ray yield numbers for
the Ge K-shell band for six target types as a function of ini-
tial target volume. (bottom) X-ray yield numbers for the Ge
K-shell band from seven target types as a function of laser
intensity. The dashed lines in each panel are fits to (some of)
the data that have been done simply to guide the eye.

simulations [32].

For the 3 ns pulses (e.g., shot no. 44157, a type-8 tar-
get, in Fig. 11), the X-ray waveforms show peaks in the
X-ray signals after the peak of the laser power that are
nearly simultaneous with the third plateau in the laser
power, which corresponds to the firing of the low-angle
cone 1 beams. The additional lag in the X-ray-power rise
with respect to the laser power is due to a slower plasma-
heating rate for the 3 ns laser shots. The result of using
the 3 ns laser drive shown in Fig. 11 is a X-ray power
profile in the hv > 4 keV band that can be fit with a
Gaussian shape with a FWHM of &~ 1.6 ns and with a
relaxed rising edge compared to the X-ray power from a
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FIG. 10: (top) X-ray yield numbers for the 0.03-3.5 keV
band for five target types (Table I1I) as a function of plasma
electron density. (middle) X-ray yield numbers for the 0.03—
3.5 keV band for six target types as a function of initial target
volume. (bottom) X-ray yield numbers for the 0.03-3.5 keV
band from seven target types as a function of laser intensity.
The dashed lines in each panel are fits to (some of) the data
that have been done simply to guide the eye.

1 ns-driven target.

Since we are examining the X-ray yield from the tar-
get, in different spectral bands (cf. Tables IT and TIT), it is
appropriate to point out that the temporal history of the
X-ray power emitted in different bands is different. Fig-
ure 12 compares the measured hv > 4 keV X-ray power
with the X-ray power measured with a PCD that was fil-
tered with only 8 pm Kapton. This channel in the PCD
array was sensitive to all X rays with energies greater
than 1 keV. It can be seen from the figure that for the
shot, displayed (51167, a type 2 target), the softer X-ray
response has a FWHM that is ~ 60% wider than for the
hv > 4 keV waveform. In general, the X-ray waveforms
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FIG. 11: Laser power (solid, left scale) and PCD-measured
X-ray power (dashed, right scale) for (top) two p=4.8 mg/cm®
targets in small (1.5x1.2 mm [IDxL]) cylinders (/; =
6.5x10' and 5.6x10'® W/cm? for shots 39156 and 39157,
respectively) and (bottom) laser power (solid) and PCD-
measured X-ray power (dashed) for two 3.7 mg/em?® targets
in large (2.0x2.2 mm [IDx1]) cylinders (I, = 1.9x10'® and
2.6x10'" W/cm? for shots 44158 and 44157, respectively).

measured with the 8 pm Kapton channel in the PCD
array ranged from 40-60% greater in duration than the
hv > 4 keV waveforms.

C. Two-Dimensional X-ray Imaging

In order to measure the extent and history of the laser
heating, a X-ray framing camera was fielded nearly per-
pendicular to the axis of the cylindrical target. The cam-
era was filtered with 406 gm of Be, which lets through X
rays with energies greater than 3 keV. The camera has
an array of 16 50-um pinholes in front, which are imaged
onto four strips of a microchannel plate (MCP) detector.
The camera and detector were rotated in order to have
the axis of the MCP strips parallel to the axis of the cylin-
der holding the doped aerogel. The camera had either a
4x or a 2x magnification, the former of which would fit
the 1.5 mm diameter aerogel targets (types 1, 4-6) onto
the 7 mm width of the MCP strips of the XRFC, while

images at the latter magnification filled the strips for
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FIG. 12: Laser power (solid, left scale) and measured X-
ray power for hv > 4 keV (dash-dot, right scale) and for
hv > 1 keV (dashed, right scale) for shot 51167, a type-2
target.

the larger-sized targets. Five images from shots 39154
(p = 48 mg/em?, 1.5 x 1.2 mm [IDxL], type 5) and
46616 (p =3.7 mg/cm?, 1.5 x 2.2 mm [IDxL], type 1)
are shown in Fig. 13. The images in Fig. 13 show that
the aerogel heats quickly in the radial direction, which is
closer to the direction of propagation of the steeper-angle
beam cones, and that at approximately 750 ps the heat
fronts from the two faces of the cylinder meet in the axial
direction in both cases, despite the longer length of the
target in shot 46616. The hy > 4 keV X-ray waveform
from the target in shot 46616, which had a 1 ns square
laser pulse, has the late-time behavior as seen in Fig. 14
that includes an enhancement of the emitted X-ray power
that corresponds to the time of the axial stagnation seen
in the 1500 ps frame in Fig. 13. The X-ray waveform
for shot 39154 tracks the laser power very closely (nearly
identically to shot 39156 in Fig. 11). All the cases of
targets that demonstrate late-time hard-X-ray emission
that does not follow the laser-power waveform demon-
strate the formation of a jet-like feature like that seen in
the images in Fig. 13 for shot 46616.

Figure 15 shows a time-integrated X-ray pinhole cam-
era image of the X-ray emission (hv > 3 keV) from the
type-2 target used in shot 44158. The camera was fil-
tered with 254 pm of Be and 12 pym of Al with a 11 ym
diameter pinhole, it imaged the target onto a charge-
injection device (CID) with a 4x magnification. The
laser power and the measured hard-X-ray (hv > 4 keV)
waveform for this target are shown in Fig. 11. Unlike
the late-time shoulder on the X-ray power for shot 46616
discussed above, the peak X-ray emission for shot 44158
is observed to occur a full ns after the end of the laser
pulse. Although the image in Fig. 15 is time integrated
and cannot reveal the unique history of the laser heating
of this target, the obvious effect of the radial compression
due to wall motion is seen in the bright emitting region
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46616

FIG. 13: XRFC images for shots 39154 and 46616. Both targets demonstrate the overlap of the heated X-ray regions from the
open ends of the cylinders, but the target for 46616 shows the formation of a late-time jet of plasma on axis due to compression

from cylinder-wall material that has stagnated on the axis.
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FIG. 14: Laser power (solid, left scale) and measured X-ray
power for hv > 4 keV (dashed, right scale) for shot 46616, a
type-1 target.

along the target’s axis.

Geometrical analysis of the beam propagation for the
laser pointing depicted in Fig. 1 reveals that the cone
1, 2 and 3 beams have path lengths through the aerogel
medium to the cylinder wall of 1557, 1494 and 1168 pm,
respectively for Be cylinders with a 2.0 mm IDs, and
872, 1121, and 876 pm, respectively, for Be cylinders with
1.5 mm IDs. The principal method by which laser energy
is deposited in the medium is inverse bremsstrahlung (TB)
absorption. The IB absorption length in the plasma is
given in centimeters by [33]

9 m3/2 1/2
\rp = 0.56A7Te {_ Pe )
(ne/ner)2ZInA Ner

where Ar is the laser wavelength in ym, 7, is the plasma
electron temperature in keV, 7 is the average charge
state in the plasma and InA is the Coulomb logarithm.
Using Eq. 2, with 7 =< 7 > as given in § 1[I B, with T,
as found by fitting the continua in the HENWAY data
(e.g., Fig. 2) and the value of n./n. from Eq. 1, one
finds values of A;p & 1212-1220 ym for the smaller-inner-
diameter, p = 4.8 mg/cm? (type 5) targets in the upper
panel of Fig. 11 (shots 39156 and 39157), ~ 2000 pm
for the larger-inner-diameter, p = 3.6 mg/cm? (type 2)
target of shot 42750 (which has a X-ray waveform like
those of 39156 and 39157), and =~ 2690 pum for the
p = 3.7 mg/em? (type 2) target in shot 44158, which is
the broader X-ray pulse in the bottom panel of Fig. 11.
In all cases, this simple estimate would suggest that the
the laser beams reach the walls of the Be cylinder with
a non-negligible fraction of their total energy remaining.
Clearly, there are short comings with this static picture
of laser absorption - the temperature in the plasma is
not fixed, and the electron density along the laser path
changes locally in response to the plasma heating. How-
ever, 1t is instructive that all the shots that have the
broader X-ray waveform (like 44158 and 46616 in Figs. 11
and 14) exhibit the kind of strong on-axis jet seen in
Figs. 13 and 15, and that those shots also have some of
the longer TB absorption lengths (mainly due to having
the highest T,’s) of all the shots studied here.

D. Laser Scattering

Long scale length, underdense plasmas, which are ex-
actly the kind of plasmas our aerogel targets become, can
reflect significant amounts of a laser’s energy [33, 34].
The two instability channels by which the long scale
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FIG. 15: Time-integrated X-ray pinhole camera images of the type-2 target used on shot 44158. The cameras (H13 left, H3
right) had nearly side-on views of the target. The emission is dominated by a collimated region along the target’s axis that we
hypothesize is due to radial compression of the hot plasma. A wireframe drawing of the targets pre-shot outline as viewed by

the camera has been placed on each image

length, underdense plasma may reflect laser energy are by
stimulated Brillouin scattering (SBS) or stimulated Ra-
man scattering (SRS) [35]. We have measured the energy
backscattered from our targets back into the optics of one
cone 2 and one cone 3 beam (beams 25 and 30, respec-
tively). The Full Aperture Backscatter System (FABS)
[36], which employs a calibrated calorimeter, measured
the reflected energy for those two beams, the results for
the 11 types of targets discussed above are shown in
Fig. 16. The steeper incidence angle of the cone 3 beam
means that the backscattered fraction of beam energy is
larger than for the cone 2 beam (assuming that the laser
propagation direction is at an angle relative to a density
gradient in the target that is oriented along the target’s
axis [35]). Tn our data we find that the cone 3 SRS sig-
nals are an average of 5x larger than the corresponding
cone 2 signals, and for the SBS channel an average of
1.6x larger. The points in Fig. 16 represent the frac-
tion of total laser energy scattered in both the SRS and
SBS channels measured for cone 2 and 3 beams, and an
estimated contribution for the cone 1 beams. Since we
do not have a measurement of backscatter for the cone 1
beams, we have assumed the scattering losses in the SRS
and SBS channels are the same as those measured for
the cone 2 beams. Since the scattering losses decrease as
the beam-cone angle decreases, this assumption means
that the points in Fig. 16 are upper bounds on energy re-
flected from each target type. Scattering losses are small,
between 5-7% for most of our targets, and much less for
the targets with the highest yields in the 9-15 keV X-
ray band. We have examined images of reflective plates
around the optics for the beams in question and have
found minimal energy scattered outside of the collection
optics. The CE’s in Tables IT and TIT are given relative
to the total energy delivered to the target, and have not
been adjusted to account for only energy absorbed in the

target.

IV. SUMMARY AND CONCLUSION

We recommend Ge-doped aerogel targets fabricated
such that n, = 0.1-0.12n., (p = 3.6-4.1 mg/cm?® for
the materials described here), shot at laser intensities of
I, = 2.0-2.6x10™ W /cm?. This will yield 10.143.5 J /st
of X rays with energies above 9 keV (averaging over type
1, 2 and 3 targets), or, equivalently, 127444 J/sphere as-
suming isotropic emission, and 6784157 J/sr for energies
below 3.5 keV for 1 ns laser pulses (averaging over type
2 and 3 targets only). The X-ray spectra are dominated
by the 10.3 keV Ge?%t He,, line in the hard band and by
Ge L-shell emission and Si and O K-shell emission in the
soft band. These results suggest a conversion efficiency
of &~ 0.7% for isotropic emission in the harder spectral
band, which is below the ~ 3% emitted into 47 quoted
for recent work with pre-exploded Ge foils, and ~ 45%
for isotropic emission in the soft X-ray band, which is
consistent with measurements from gas targets. There is
a large X-ray continuum that makes up more than half
the X-ray output from the targets in the range between
4 and 15 keV; the average emission-weighted spectral en-
ergy in this range is 7.1 keV. The overall laser energy
lost by scattering from laser-plasma instabilities is seen
to be < 5-7% from these targets, and more like 2-3% for
the preferred type 2 and 3 targets. Generally, the X-ray
flux from these targets follows the laser power delivered
to the target with finite time lags necessary to achieve
the required ionization and eventual radiative cooling of
the plasma. However, for about 1/3 of the targets we
have studied, the hard X-ray output shows strong to very
strong late-time features that are correlated with strong
enhancement of on-axis emission due to radial hydrody-
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FIG. 16: Summary of the sum of SRS and SBS scattered energy for each target type in the present work. The SRS and SBS
values for each shot are averaged over the measurement from a cone 2 and a cone 3 beam and an assumed (small) contribution
for losses from the cone 1 beams and are expressed as a fraction of the total energy delivered.

namic compression of these plasmas. We can not explain
why some targets on some shots form these axial jets and
others do not. The duration soft X-ray flux is always sig-
nificantly longer than the laser pulse.
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